Cells have self-organizing properties that control their behavior in complex tissues. Contact between cells expressing either B-type Eph receptors or their transmembrane ephrin ligands initiates bidirectional signals that regulate cell positioning. However, simultaneously investigating how information is processed in two interacting cell types remains a challenge. We implemented a proteomic strategy to systematically determine cell-specific signaling networks underlying EphB2-and ephrin-B1-controlled cell sorting. Quantitative mass spectrometric analysis of mixed populations of EphB2-and ephrin-B1-expressing cells that were labeled with different isotopes revealed cell-specific tyrosine phosphorylation events. Functional associations between these phosphotyrosine signaling networks and cell sorting were established with small interfering RNA screening. Data-driven network modeling revealed that signaling between mixed EphB2-and ephrin-B1-expressing cells is asymmetric and that the distinct cell types use different tyrosine kinases and targets to process signals induced by cell-cell contact. We provide systems-and cell-specific network models of contact-initiated signaling between two distinct cell types.
S
ignal transduction is typically studied by the stimulation of target cells with a soluble extracellular ligand, such as a growth factor (1) . However, this approach does not necessarily recapitulate the physiological process of intercellular communication, in part because protein ligands for some transmembrane receptors may themselves be attached to the surface of cells. Furthermore, signaling initiated by cellcell contact is typically a reciprocal process, in which two cell types exchange distinct signals, leading to mutually dependent alterations in their respective behaviors. For example, events such as axon guidance, antigen presentation, and generation of apical-basal polarity can involve two or more cells that directly interact through membrane-tethered receptors to exchange signaling information (2) . In particular, direct interactions between transmembrane Eph receptor tyrosine kinases (EphRs) and their membranebound ephrin ligands frequently lead to mutual cell repulsion and are important for axon guidance and boundary formation during tissue development (3) (4) (5) (6) .
EphRs, which make up the largest family of mammalian receptor tyrosine kinases, bind cell surface-associated ephrins that have either a glycosylphosphatidylinositol (GPI) membrane anchor (A-type ephrins) or a transmembrane region followed by a conserved cytoplasmatic tail (B-type ephrins). Clustering of B-type EphRs and ephrins at the surface of adjacent cells activates phosphotyrosine (pTyr) signaling in both the EphR-and ephrin-expressing cells, termed forward and reverse signaling, respectively (7) (8) (9) . Ephrins lack intrinsic catalytic activity, and reverse signaling is achieved through the activation of associated tyrosine kinases and direct binding of intracellular targets (10, 11) . Analysis of EphR or ephrin signaling initiated with artificial soluble ligands provides limited understanding of the cell-specific signaling networks (6, 12) because signaling between neighboring EphR-and ephrinexpressing cells may also be affected by inputs from adhesion molecules and the extracellular matrix (6, 13, 14) . We therefore set out to identify cell-specific responses, including quantitative differences between the underlying multivariate signaling networks in the two cell types (15, 16) .
Systematic analysis of cell-specific networks in distinct populations of interacting cells is challenging primarily because the unique properties of each cell type are lost once cocultured cells are processed for biochemical analysis, such as by immunoblotting. Thus, to investigate bidirectional EphR-ephrin signaling in the context of direct cell-cell interactions we developed a proteomic strategy termed quantitative analysis of Bidirectional Signaling (qBidS), which is based on lineage-specific labeling with stable isotopomeric versions of amino acids (SILAC), specifically arginine and lysine, combined with mass spectrometric identification and relative quantification of tyrosine-phosphorylated peptides. Systematic evaluation of mixed populations of EphR-and ephrin-expressing cells with this approach was then combined with a phenotypic analysis of EphR-and ephrin-dependent cell sorting by means of small interfering RNA (siRNA) screening and data-driven computational modeling of signaling networks. This identified extensive cell-specific information processing as well as asymmetric network structure and utilization during bidirectional signaling between EphB2-and ephrin-B1-expressing cells.
Quantitative analysis of bidirectional Eph receptor-ephrin signaling. To study bidirectional EphR-ephrin signaling, we used human embryonic kidney (HEK) 293 cell lines engineered to express either EphB2 (EphB2 + cells) or ephrin-B1 (ephrin-B1 + cells) (figs. S1 and S2) (17, 18) . These cells show a repulsive response when they contact one another in cell culture and display self-organizing properties so that the EphB2 + cells, which are marked with a membrane-targeted myristoylated green fluorescent protein (GFP), form multicellular colonies with sharp boundaries that exclude ephrin-B1 + cells. To quantitatively investigate the response of signaling networks in either EphB2
+ or ephrin-B1 + cells, we used SILAC (19, 20) to differentially label the two cell types. EphB2 + cells were grown independently in the presence of "light" (C12N14) arginine and lysine or with "heavy" (C13N15) arginine and lysine (21) . Ephrin-B1 + cells were labeled separately with "medium" (C12N15) arginine and lysine (Fig. 1A) . The incorporation of these amino acids into the proteins of each cell line enabled relative quantification of signaling events in a cell line-specific manner (Fig. 1, A and B) . To initiate signaling by cell-cell contact, medium-labeled ephrin-B1 + cells were combined with the adherent heavy-labeled EphB2 + cells. After 10 min, the cells were lysed under denaturing conditions and mixed with lightlabeled, nonstimulated EphB2 + cells as a point of reference (Fig. 1A) . Tyrosine-phosphorylated peptides were isolated and analyzed with liquid chromatography-mass spectrometry (LC-MS) on an LTQ-Orbitrap (Thermo Scientific, San Jose, California) (18, 22, 23) . The peptide data are available at www.ephomics.org.
Because peptides with identical sequences but originating from distinct cell lines differ by the mass differences resulting from the SILAC labeling, their relative abundance can be determined by comparing their extracted ion currents (Fig. 1B) . This enables quantification of protein phosphorylation specific to the EphB2 + cells by using the ratio between heavy-labeled peptides (EphB2 + , stimulated) and the corresponding light-labeled peptides (EphB2 + , control). At the same time, peptides originating from ephrin-B1 + cells that were used for stimulation can be distinguished by their medium labeling (Fig. 1, B and C) . As examples, we observed that phosphorylation of the activation loop of EphB2 (Y780) was increased by 80% after mixing EphB2 + and ephrin-B1 + cells. Conversely, a tyrosine-phosphorylated peptide from the intracellular region of ephrin-B1 (Y317) was only observed with the medium label, showing that it specifically originated from the ephrin-B1 + cell population. We identified pTyr sites in previously described EphB2 targets, such as the PDZ domain-containing protein Afadin [AF6 (Y1657)] and the adaptor protein SHC1 (Y427), both of which were threefold more abundant in the stimulated EphB2 + cell population (Fig. 1C ). The experimental approach was then reversed so as to identify dynamic pTyr signaling in ephrin-B1 + cells mixed with EphB2 + cells ( fig. S3) (18) .
Bidirectional signaling between EphB2-and ephrin-B1-expressing cells is asymmetric. Analysis of the global changes in tyrosine phosphorylation induced by contact between EphB2 + and ephrinB1 + cells identified a total of 442 tyrosine phosphorylation sites on 304 target proteins that significantly increased or decreased in abundance in one or both cell types (P < 0.05; Wilcoxon test) (table S1) (18) . Contact-initiated signaling between EphB2 + and ephrin-B1 + cells affected pTyr sites from proteins with a wide range of cellular functions and revealed both known and previously undescribed targets ( Fig. 2A and fig. S4 ). These include regulators of adhesion, polarity, phosphoinositide signaling, actin remodeling, endocytosis, and cell-cell interactions, implicating these cellular processes in the regulation of EphR-ephrincontrolled cell sorting.
To quantitatively assess cell-specific signaling events, and to avoid sampling bias from the MS analysis, we identified identical peptides that were tyrosine-phosphorylated in both EphB2 + and ephrin-B1 + cells and compared their dynamic profiles between the two cell types. Overall, these profiles revealed a shifted distribution (P < 1 × 10 −36 ; Wilcoxon test) ( fig. S5A ), confirming that the responses initiated by cell-cell contact differ between the distinct cell populations. We compared the cell-specific modulation of the 100 common tyrosine phosphorylation sites, which we grouped according to the signaling domains present on the phosphorylated proteins (Fig. 2B fig. S6) (18) .
Functional analysis of cell-sorting through siRNA screening. The quantitative analysis of tyrosine phosphorylation events during EphB2 and ephrin-B1 bidirectional signaling marks the activation state of signaling networks in the interacting cell populations. In order to relate these phosphoproteomic results to the phenotypic response of cell sorting and to obtain functional data for the modeling of cellular signal processing, we used an siRNA screen to analyze the role of selected signaling proteins in EphB2-and ephrin-B1-mediated cell segregation (Fig. 3) . To this end, EphB2 + cells and ephrin-B1 + cells were mixed, transfected with siRNA, and grown to confluence (18) . Whereas mixed control populations of EphB2 + and ephrin-B1 + cells formed distinct colonies with well-defined boundaries ( fig. S7 ), transfection with siRNAs targeting EphB2 or ephrin-B1 significantly decreased the numbers of segregated GFP-positive colonies, indicating that cell sorting is a robust assay for EphB2-ephrin-B1 function ( Fig. 3A and fig. S8 ).
We used a custom library of 2172 siRNA pools [SMARTpools (Dharmacon, Thermo Scientific, Lafayette, Colorado)] directed against targets with selected signaling domains, including kinases, phosphatases, and pTyr recognition modules (table S4) , to screen for proteins involved in cell sorting ( Fig. 3 and fig. S9B ) (18) . We analyzed the number of resulting EphB2 + GFPpositive colonies by means of automated microscopy on an Arrayscan II (Cellomics, Thermo Scientific, Pittsburgh, Pennsylvania) ( fig. S9A ) and identified 589 siRNAs that significantly affected colony formation (the mock transfection averaged 90 colonies T 15 within each biological replicate; n = 4 biological replicates) (figs. S8 and S9) (18) . All affected cultures were then visually inspected, and 237 siRNAs that affect growth and adhesion were discarded. Off-target effects are inherent to siRNA technology (24), so we reanalyzed the remaining 352 targets with four individual siRNAs [ON-TARGETplus (OTP) reagents (Dharmacon, Thermo Scientific, Lafayette, Colorado)] that were distinct from those used in the initial screen and applied them to each target. Cocultures in which siRNAs recapitulated a significant effect on colony numbers were also visually confirmed (18) . This approach yielded 200 targets that affect EphB2-and ephrin-B1-dependent cell sorting ( fig. S8D and table S3 ), including several previously described effectors of EphR and ephrin signaling, such as p120RasGAP (RASA1) and the adaptor proteins CRK and NCK2. The screen also identified groups of multiple interacting proteins that potentially have a coordinated role in the regulation of aspects of EphB2-ephrin-B1 cell sorting, such as cytoskeletal organization and cell adhesion ( fig. S9C ). For example, activators (DOCK1 and ELMO) as well as negative regulators (CHN1 and CHN2) of RAC1 guanosine triphosphatase (GTPase) activity, in addition to RAC1 itself, were identified as targets, which suggests that tight control of RAC1 activity is important for cell sorting.
We then compared the targets identified in the siRNA screen with those containing pTyr sites modulated by the mixing of EphB2 + and ephrin-B1 S8E and table S3) , of which 18 were significantly modulated in both cell types by phosphorylation on identical tyrosine sites (Fig. 3B and fig. S8E ). These proteins identified in both the siRNA and qBidS screens have a wide range of molecular and cellular functions and include adaptor proteins (SHB and SHC1), kinases (ABL1 and EPHB2), phospholipid regulators (SHIP-2 and PLCG2), polarity proteins (PARD3, DLG3, and APC), and regulators of the cytoskeleton, endocytosis, and migration (PTK2, PXN, WASL, and ITSN2) ( Fig. 3B and table S3), highlighting the role of these cellular processes in the regulation of EphR-ephrincontrolled cell sorting. The pTyr sites from the 18 targets modulated in both cell types nonetheless displayed significant differences in their cellspecific modulation (P = 0.008; Fisher's exact test) ( fig. S9D ), indicating that asymmetric tyrosine phosphorylation affects proteins that are essential for cell sorting.
Thus, EphB2-and ephrin-B1-affected changes in tyrosine phosphorylation elicit extensive changes in intracellular signaling networks. Therefore, we set out to derive a network model of cell-specific information flow on the basis of the quantified modulation of tyrosine phosphorylation and the targets identified in the siRNA screen for cell sorting.
Modeling of cell-specific dynamic networks during cell-sorting. The regulation of tyrosine phosphorylation through activated kinases and subsequent binding of pTyr sites by domains like SH2 and PTB (pTyr-binding) creates molecular circuitries (25, 26) that underlie cellular decision-making. The information flow within such a system can therefore be visualized by assigning kinases, phosphatases, and phospho-binding modules for each pTyr site (kinase/phosphatase → substrate/site → phospho-binding domain). For example, increased phosphorylation of Tyr sites can be correlated with an increased activity of the associated kinase or kinases (or decreased activity A B of a phosphatase). This increase will in turn enhance the association between phosphorylated sites and proteins that contain the appropriate phosphobinding domain (27) . (28, 29) ] to computationally reconstruct phosphorylation networks using probabilistic contextual data in combination with sequence models of kinase and phospho-binding domain consensus motifs (28, 29) . We identified pTyr sites from singly phosphorylated peptides common to the two cell types that exhibited significant modulation after cell-cell contact (P < 0.05; Wilcoxon test). Accurate modeling of phosphorylation networks requires contextual information for both kinases and substrates (28) . Therefore, we developed four filtering steps to restrict the predicted kinases and phosphobinding proteins to those more likely to be relevant for cocultured EphB2-ephrin-B1-expressing HEK293 cells and to limit spurious predictions: First, predicted kinases or phosphobinding proteins were accepted only if they had been previously identified by the qBidS or siRNA screens (Fig. 4) . Second, we required that kinases and substrates, which were predicted to interact, were similarly modulated (up, down, or none) (Fig. 4, co-modulation) . The activities of kinases were determined by the modulation of their activation loop phosphorylation sites and correlated to the phosphorylation of substrate sites. Third, predictions were ranked and filtered on the basis of their probability from NetPhorest (Fig. 4)  (18, 29) . We also analyzed the predicted kinasesubstrate-target relationships by overlaying a HEK293-specific contextual network (Fig. 4)  (18) . The latter was generated with proteins identified through qBidS, siRNA screening, or coimmunoprecipitation with selected network proteins ( 
(B) Proteins

A B
identified through siRNA screening as functionally important for cell sorting also tend to be asymmetrically phosphorylated. The modulation of pTyr sites residing in proteins important for cell sorting that were identified in both EphB2 + and ephrin-B1 + cells was compared. The number of OTP duplexes recapitulating a loss of cell sorting is shown to the left in red, followed by the gene name, the identified pTyr sites, and the cellular function of the protein. The cell-specific modulation of each pTyr site is shown by color code. Fig. 4 . Computational data integration and network modeling. Systems-specific data integration was performed to construct network models. All observed phosphorylation sites were first processed by the NetPhorest algorithm (29) so as to predict kinase-substrate relationships and SH2 and PTB domain interactions. These predictions were subjected to several subsequent filtering schemes: First, we required that tyrosine phosphorylation sites and the activation loop phosphorylation of their predicted kinases be comodulated (red path). Second, predictions were filtered on the basis of the probability score from Netphorest (blue path). Proteins that were identified through qBidS or siRNA screening or by coprecipitation were used as input to the STRING resource to generate a systems-specific protein-protein interaction network, permitting contextual filtering (orange path) similar to the NetworKIN algorithm (28) . This enabled the generation of cell-specific signaling network models.
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Tool for the Retrieval of Interacting Genes/Proteins (STRING) resource (30) so as to create a probabilistic high-confidence protein-protein interaction network. Thus, by applying stringent filters we generated a cell-specific model of information processing during bidirectional signaling between mixed EphB2 + and ephrin-B1 + cells (Fig. 5) . Cell-specific signal processing in Eph receptor and ephrin signaling networks. To reflect the flow of information through pTyr sites, we assembled cell-specific networks in a modular fashion so that kinases (top layer) were connected through pTyr sites (middle layer) to phosphobinding modules (bottom layer) (Fig. 5) . The signal strength through the connected kinases, pTyr sites, and phospho-binding modules is reflected by the modulation of the individual pTyr sites and represented by the intensity of the line (indicating an interaction) (Fig. 5) .
Previously characterized pTyr-dependent protein-protein interactions involved in regulating cytoskeletal rearrangement and cell migration were confirmed by the model (Fig. 5) . For example, phosphorylated EPHB2 displays increased interaction with RASA1 and DOK1 after EphR activation (31) . Phosphorylation of Y428 on SHC1 creates a well-described binding site for the adaptor protein GRB2 after activation of receptor tyrosine kinases (RTKs) (32) . Association between cortactin (CTTN, Y384) and the tyrosine kinase FER is important for subsequent phosphorylation and regulation of CTTN function in cell-cell signaling (33) . As well, an interaction between tyrosine-phosphorylated p190RhoGAP (GRFL1) and RASA1 regulates cellular migration (34) . Previously undescribed pTyr-dependent interactions are also suggested by the model, such as interactions between tyrosine-phosphorylated EPHB2 and the SH2 domain of the adaptor protein SHB and the tyrosine-phosphorylated SHB with the SH2 domain of RASA1.
A global comparison of cell-specific signaling networks suggests that asymmetric regulation of tyrosine phosphorylation events between EphB2 + and ephrin-B1 + cells is achieved through alternative use of kinases and adaptor proteins, thereby providing alternative signaling paths to relay information. Most of the pTyr signaling in EphB2 + cells originates from the EPHB2 and ABL1 kinases, with NCK1, PXN, DOK1, and SHB as predicted direct targets (Fig. 5) . Conversely, in ephrin-B1 + cells, the insulin-like growth factor receptor (IGF1R) is predicted to initiate some of the pTyr signaling, which is in agreement with the observation that both the activation loop (Y1161) of IGF1R and its target IRS2 display increased tyrosine phosphorylation in ephrin-B1 + cells after stimulation. Currently, we cannot exclude the possibility that other tyrosine kinases contribute to the observed pTyr regulation. Although other possible kinases were predicted for the positively modulated pTyr sites, we only obtained experimental evidence of increased activation loop phosphorylation for IGF1R and PTK2 in ephrin-B1 + cells. Consistent with SH2 and PTB domaincontaining proteins displaying differential phosphorylation in EphB2 + and ephrin-B1 + cells (Fig. 2B ), the network model shows asymmetric utilization of adaptor proteins. For example, several of the direct targets predicted for EPHB2 and ABL1 contain a pTyr binding module (SH2 or PTB), whereas less information is processed through the phosphorylation of SH2 and PTB domain-containing proteins in ephrin-B1 + cells. SHB, an adaptor protein that has not previously been characterized with respect to EphR-ephrin signaling, appears to relay information from EPHB2 to CRK, RASA1, and PIK3R1. The asymmetric modulation of SHB tyrosine phosphorylation, coupled with the inhibitory effects of SHB siRNA on cell sorting, support the prediction that SHB may act as a crucial signal integrator (Figs. 3B and 5) .
The global comparison of pTyr modulation in ephrin-B1 + and EphB2 + cells showed that a similar number of pTyr sites display negative or positive modulation ( fig. S5A ). Consistent with this observation, the network model identified several tyrosine phosphatases that may have a role in balancing pTyr signaling. Although tyrosine phosphatases have been described in EphR-ephrin signaling (17, (35) (36) (37) , the model implicates protein tyrosine phosphatase (PTP) non-receptor type 6 (PTPN6) and PTP receptor type A (PTPRA) as previously undescribed regulators of this process in addition to PTPN11, which has been linked to EphA receptor signaling. PTPN6 and PTPN11, which according to the network model are in close proximity to EPHB2, were identified in the siRNA screen, and PTPN11 phosphorylation (Y62) was modulated in an EphB2 + cell-specific manner, suggesting that these phosphatases probably function in EphB2 and ephrin-B1 signaling and cell sorting.
Lastly, when comparing the signaling network models with the siRNA screen, we observed a strong bias toward highly connected signaling proteins exhibiting an siRNA phenotype (P = 0.001 for EphB2
+ cells and P = 0.002 for ephrin-B1 + cells; Wilcoxon test) ( fig. S10 ) (18) .
Signaling abilities of Eph and ephrin intracellular region. Ephrin-B1, lacking its cytoplasmic region, retains the ability to initiate signaling through a B-type EphR on a neighboring cell but lacks intrinsic signaling properties and thus only elicits a unidirectional signal (Fig. 6A ) (4) . The size of the signaling cluster established between interacting EphRs and ephrins can markedly affect receptor activation and signaling (36) , and so the intracellular region of ephrin-B1 might affect the strength or quality of the signal within the EphB2-expressing cell through its ability to associate with SH2 or PDZ domain-containing proteins.
To systematically study this, we engineered HEK293 cells to express a variant of ephrin-B1 lacking the cytoplasmic tail (ephrin-B1DIC + ) and selected cells with a similar level of surface expression as that observed in ephrin-B1 + cells ( fig. S1) (18) . We then mixed EphB2 + cells with either ephrin-B1DIC + cells or ephrin-B1 + cells (expressing wild-type ephrin-B1) and used qBidS to compare their sorting phenotypes and the resulting pTyr signals. This revealed that the intracellular tail of ephrin-B1 is required for proper cell sorting and also influences pTyr signaling in EphB2 + cells (Fig. 6B and figs. S7 and S11) (18) . Specifically, pTyr sites in EphB2 + cells were differentially modulated depending on whether the EphB2 + cells were stimulated with ephrin-B1DIC + or ephrin-B1 + cells (P = 9 × 10
; Wilcoxon test) ( fig. S12B ), indicating that the intracellular region of ephrin-B1 affects EphB2 signaling. For example, cofilin 1 [CFL-1 (Y139 and Y84)], EPHB2 (Y596/Y602), PARD3 (Y388 and Y1127), PXN (Y118), and PTK2 (Y576) were differently phosphorylated in EphB2 + cells depending on the presence or absence of the cytoplasmic region of ephrin-B1 (P < 0.05; Wilcoxon test) ( fig. S11 ). The qBidS approach can therefore identify and quantitate differences in signaling events in a target cell that result from alterations in a distinct signalinitiating cell (thus, a non-cell-autonomous effect).
We also observed major differences in the structure and utilization of the signaling network in EphB2 + cells depending on whether they were mixed with ephrin-B1 + or ephrin-B1DIC + cells (Fig. 6B) . Nodes and edges in the EphB2 + cell signaling network that are influenced by the cytoplasmic tail of ephrin-B1 are depicted in a color-coded scheme, and those that were utilized similarly are in gray. The information flow from all predicted kinases and nearly all phosphobinding domains was affected when EphB2 + cells were mixed with ephrin-B1DIC + cells as Fig. 5 . Cell-specific signaling network models in EphB2-and ephrin-B1-expressing cells. Cell-specific information flow in EphB2 + and ephrin-B1 + cells is shown in the form of modular protein networks with kinases (KIN), pTyr sites, and phospho-binding modules (SH2 and PTB) organized in layers. The predicted kinases and phospho-binding modules for each tyrosine-phosphorylated residue are shown. The color of the pTyr sites represents their cell-specific modulation, according to the indicated color code, whereas the color of each kinase and phospho-binding node represents whether through siRNA it was identified as a cell-sorting target (red) or not (blue). The arrows represent the strength of the information flow within the network and the intensity is proportional to the modulation of the pTyr site involved in the specific edge. Arrows color-coded red represent an interaction supported by the contextual protein association network. Different kinases between the EphB2 + and ephrin-B1 + cells appear to be responsible for the change in information flow, and it appears that SH2-and PTB-binding proteins are used to a larger degree in EphB2 + cells than in ephrin-B1 + cells. Only a subset of the network is shown; for the full network, see the SOM.
www.sciencemag.org SCIENCE VOL 326 11 DECEMBER 2009 opposed to ephrin-B1 + cells. For example, whereas the predicted kinase for some pTyr sites such as PARD3 (Y1127) remained unaltered, other pTyr sites such as CTTN (Y384), PARD3 (Y1080), and PXN (Y118) were predicted to be modulated by an alternative kinase, suggesting that the dynamics and structure of the EphB2 signaling network is significantly influenced by the intracellular region of ephrin-B1 (Fig. 6D) [detailed networks are available in the supporting online material (SOM)].
Taken together, these data show that the intracellular region of ephrin-B1 affects signal processing not only within ephrin-B1 + cells but also in neighboring cells that express EphB2, revealing a non-cell-autonomous mode of regulation in EphR-ephrin signaling. The same applies to the C-terminal valine of ephrin-B1 required for PDZ domain-binding of ephrin-B1, which also influenced signaling in EphB2 + cells ( fig. S13) (18) . Furthermore, pTyr signaling is differently modulated in EphB2 + cells depending on whether they are mixed with ephrin-B1DIC + or ephrin-B1DV + cells (Fig. 6 and figs. S11 and S13), suggesting that additional components besides PDZ domain-containing proteins may be required to orchestrate the signaling effects of ephrin-B1 on EphB2. The cytoplasmic region of EphB2 influences signaling in ephrin-B1 + cells ( fig. S14 ). We observed a significantly different pTyr-signaling response when EphB2 + or ephrin-B1 + cells were stimulated by soluble fusion proteins containing the extracellular regions of ephrin-B1 or EphB2, respectively, as compared with coculture (figs. S5, S15, and S16) (18) .
Discussion. We developed proteomic and computational approaches to identify cell-specific signaling networks in two cell populations as they contact one another and explored the phenotypic impact of these networks on cell sorting. Our models show that cell segregation requires the integration of multiple cellular processes. We found that information processing between EphB2 + and ephrin-B1 + cells is asymmetric and that there are both structural and dynamic differences in the networks mediating the molecular information flow induced by bidirectional signaling on the one hand, as compared with unidirectional signaling induced either by C-terminally truncated cell surface ligands, or soluble proteins on the other. One aim of integrative network biology is to model biological systems with an accuracy and predictive power similar to that of other physical systems, and thus it is essential to intertwine quantitative measurements of cell behavior and signaling dynamics through computational modeling (16, 38, (39) (40) (41) . The availability of more diverse and larger quantitative phenotypic, proteomic, and interaction data, with improved algorithms (26, 27, 38) , will enable more accurate and elaborate signaling models to be generated. The systems-level approaches described here are of general utility in studying the effects of cell-cell interactions and network utilization in both normal and pathologic processes. The pathogenicity of many bacteria depends on the injection of effector proteins via type III secretion into eukaryotic cells in order to manipulate cellular processes. TAL (transcription activator-like) effectors from plant pathogenic Xanthomonas are important virulence factors that act as transcriptional activators in the plant cell nucleus, where they directly bind to DNA via a central domain of tandem repeats. Here, we show how target DNA specificity of TAL effectors is encoded. Two hypervariable amino acid residues in each repeat recognize one base pair in the target DNA. Recognition sequences of TAL effectors were predicted and experimentally confirmed. The modular protein architecture enabled the construction of artificial effectors with new specificities. Our study describes the functionality of a distinct type of DNA binding domain and allows the design of DNA binding domains for biotechnology. P hytopathogenic bacteria of the genus Xanthomonas cause severe diseases on many crop plants. Pathogenicity relies on the translocation of effector proteins into the plant cell cytoplasm via the type III secretion system (1-5). Members of the large transcription activator-like (TAL) effector family are key virulence factors of Xanthomonas (4-7) and reprogram host cells by mimicking eukaryotic transcription factors (8) (9) (10) (11) (12) (13) . TAL effector-mediated gene induction leads to plant developmental changes [for example, cell divisions and cell enlargement such as citrus canker and hypertrophy (4)], thus contributing to disease symptoms. Although a number of plant targets, including susceptibility genes, have been identified (8) (9) (10) (12) (13) (14) , the targets of most TAL effectors have not been elucidated. TAL effectors are characterized by a central domain of tandem repeats, nuclear localization signals (NLSs), and an acidic transcriptional activation domain (AD) (Fig. 1A) (11, 15, 16) . Members of this effector family are highly conserved and differ mainly in the amino acid sequence and number of repeats. The number and order of repeats in a TAL effector determine its specific activity (17, 18) . The type member of this effector family, AvrBs3 from Xanthomonas campestris pv.
vesicatoria, contains 17.5 repeats and induces expression of UPA (upregulated by AvrBs3) genes, including the Bs3 resistance gene in pepper plants (9, 10, 14, 19) . The repeats of AvrBs3 are essential for DNA binding of AvrBs3 and represent a distinct type of DNA binding domain (9) . How this domain contacts DNA and what determines specificity has remained enigmatic so far.
A model for sequence specificity. The fact that AvrBs3 directly binds to the UPA box, a promoter element in induced target genes (9, 10), prompted us to investigate the basis for DNAsequence specificity. The repeat region of AvrBs3 consists of 34 amino acid repeat units that are nearly identical; however, amino acids 12 and 13 are hypervariable (Fig. 1A) (11) . The most C-terminal repeat of AvrBs3 shows a sequence similarity to other repeats only in its first 20 amino acids and is therefore referred to as a half repeat. The repeats can be classified into different repeat types on the basis of their hypervariable 12th and 13th amino acids (Fig. 1B) AvrBs3 repeats are aligned to the UPA box consensus (14) . (C) Repeats of TAL effectors and predicted target sequences in promoters of induced genes were aligned manually. Nucleotides in the upper DNA strand that correspond to the hypervariable amino acids in each repeat were counted on the basis of the following combinations of eight effectors and experimentally identified target genes: AvrBs3/Bs3, UPA10, UPA12, UPA14, UPA19, UPA20, UPA21, UPA23, UPA25, AvrBs3Drep16/Bs3-E, AvrBs3Drep109/Bs3, AvrHah1/Bs3, AvrXa27/Xa27, PthXo1/Xa13, PthXo6/OsTFX1, and PthXo7/OsTFIIAg1 ( fig. S1 ). An asterisk indicates that amino acid 13 is missing in this repeat type. Highest nucleotide frequencies are in bold. Nucleotide frequencies are displayed in a logo (http://weblogo.threeplusone.com).
